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012.10.0Abstract This paper introduces a generalized theory for the operation of mixed pole machines
(MPMs). The MPM has two stator windings, namely the main winding with pole pairs P1 and
the control winding with pole pairs P2. The MPM has shown promise in the ﬁeld of adjustable
speed drives for large machines and in the ﬁeld of wind energy electrical generation. The operation
of MPM relies on the interaction between the two ﬁelds produced by the two stator windings
through the intermediate action of a specially designed rotor (nested-cage or reluctance rotor).
The machine theory is described from a physical aspect rather than mathematical derivations. A
simple representation is also presented, from which the machine d–q model can be readily deduced.
The effect of mechanical loading on the relative positions of the machine ﬁelds is also presented.
ª 2013 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
The mixed-pole machine (MPM) is two electrically connected
and mechanically coupled machines in the same magnetic cir-
cuit. The resulting machine has the combined characteristics of
both machines. The idea stems from the so called ‘‘tandemand Computer Engineering
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06connection’’ where two three-phase wound rotor induction
machines are mechanically and electrically coupled. Mechani-
cal coupling is either direct or through gears, while intercon-
necting the rotor circuits provides the electric coupling. The
method was proposed in 1893 by Steimmetz and Go¨rges as
mentioned in reference [1], and a single unit was implemented
by Hunt in 1907 [1]. Hunt’s motor comprised single stator and
rotor windings in a common magnetic circuit. In 1967 Broad-
way and Tan introduced a single-unit frequency changer,
which operated in a manner equivalent to Hunt’s ‘‘single-unit’’
cascaded machine. Two stator windings, which have P1 and P2
pole pairs respectively, are wound in the stator. The rotor
windings are replaced by a multi-circuit nested cage of
P1 + P2 nests. The two ﬁelds of the P1 and P2 pole pairs share
a common magnetic circuit, and normally the separate cur-
rents share the same windings [2]. Single-unit cascade machine
operation is based on the mixture of two number of pole pairs
in the machine stator as well as the rotor. In 1970, Broadwayion and hosting by Elsevier B.V. All rights reserved.
Nomenclature
P1, P2 number of pole pairs for stator winding 1, winding
2
Pr number of rotor saliencies
v winding terminal voltage, volt
i winding current, A
k winding linkage ﬂux, Wb
T electromechanical torque, Nm
F magneto motive force, AT
B ﬂux density, T
e induced voltage, volt
n phase current angle, rad
/s stator periphery angle, rad
go air gap length, m
l0 air permeability, H/m
n speed, rpm
Nr number of turns per rotor phase
x angular frequency, rad/s
xm mechanical angular frequency, rad/s
f frequency, Hz
hm mechanical angle, rad
M mutual inductance, H
Subscripts
d, q direct, quadrature axis
1, 2 stator winding 1, 2
s, r stator, rotor
m mechanical
20 A.S. Abdel-khalik et al.developed a single-unit machine with a reluctance rotor which
operated as a cageless induction machine. The stator had
mixed pole windings, P1 and P2 pole pairs, while the rotor pos-
sessed P1 + P2 saliencies [3]. Mixed pole reluctance machines
have been developed by Williamson and Spooner [4,5]. A
new rotor construction that combines the features of both a
reluctance and cage rotor is the reluctance ring rotor [6].
The mixed pole machine can be used as an alternative
adjustable-speed drive when it is doubly fed [7–10]. In this
case, the machine is considered as a brushless doubly fed ma-
chine (BDFM). A BDFM model was presented using general-
ized theory [11,12]. Many mathematical models have been
developed, for both transient and steady state modes of oper-
ation [13–19].
In this paper, the MPM theory of operation with a general
rotor conﬁguration is presented with a simpler interpretation
rather than the usual long mathematical derivations. The
method uses the relationship between the machine ﬁelds and
their interaction to predict the required output power. A gen-Figure 1 Construction of the mixed pole machine.eral rotor, reluctance wound, is used which combines all differ-
ent rotor types features. Fig. 1 shows the general rotor for a 4/
2 MPM. The advantage of this rotor is that all rotor types can
be deduced from it. A simple representation to this machine,
using a multi-frame representation, is provided. This represen-
tation facilitates the deduction of the d–q model for this type
of machines. Using this simple representation, the effect of
loading on the relative positions of machine ﬁelds is presented.
To conﬁrm this simple model, a simulation and experimental
results for open loop MPM with speed reversal is introduced.
2. General theory of mixed pole machines
The MPM is equivalent to two induction machines connected
in tandem [6,10,20–22]. The general MPM theory and the ﬁeld
directions can be understood by applying the theory of tandem
connection to the MPM.
2.1. Tandem connection
In tandem connection, two wound rotor induction machines
are mechanically coupled, either directly or through gears,
and electrically connected through their rotor circuits. A
numerical example is considered to illustrate the theory of
operation. In this example, two induction machines with
4-poles and 2-poles are used. The 4-pole machine is the main
machine and the 2-pole machine is the controller. Assuming
single-fed operation, the stator of the 2-pole machine is
short-circuited. In this case, the synchronous speed for the
set, which is called the rated synchronous speed, is [20]
nms ¼ 60f1
P1 þ P2 ð1Þ
The direction of ﬁelds in both machines will be considered
for three different speeds, speciﬁcally; sub-synchronous, syn-
chronous, and super-synchronous speeds. It should be noted
that the two rotor windings are connected such that the phase
sequence is reversed. This ensures that both rotor ﬁelds in both
machines have opposite directions at all machine speeds, which
ensures stable operation [20]. The three considered rotor
speeds are 500 (sub-synchronous), 1000 (synchronous), and
1200 rpm (super-synchronous), respectively. The ﬁeld direc-
tions in both machines for the three cases are shown in Fig. 2.
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Figure 2 Tandem connection of two induction machines (speeds are in rpm) (a) sub-synchronous operation, (b) synchronous operation,
and (c) super-synchronous speed ns1 and ns2 represent the stator ﬁeld speed with respect to stator surface for both machines nr1 and nr2
represent the rotor ﬁeld speed with respect to rotor surface for both machines.
Generalized theory of mixed pole machines with a general rotor conﬁguration 21For all cases, it is evident that the direction of rotation of
rotor ﬁeld in the 4-pole machine is in the same sense as the
set speed. However, the rotor ﬁeld direction in the 2-pole ma-
chine is in reverse to the set speed. Generally, if the induction
machine is fed from the stator, it produces a positive torque if
the stator and rotor ﬁelds’ directions with respect to stator and
rotor respectively are the same. Hence, the machine developed
torque and rotor speed will be in the same direction as the sta-
tor ﬁeld. However, if the machine is fed from the rotor and
producing a positive torque acting on the rotor surface, the ro-
tor speed direction will oppose the stator ﬁeld direction.
Applying this rule to the three considered cases for the two ma-
chines separately, it is noted that the main machine (4-pole ma-
chine) generates positive torque in all cases, assuming a
motoring mode. However, the control machine (2-pole ma-
chine) generates positive torque for sub-synchronous speeds,
zero torque for synchronous speed, and negative torque for
super-synchronous speeds. This means that the no-load speed
for this machine will be slightly higher than the synchronous
speed. For double fed operation, the machine operates at a
synchronous speed given by
nms ¼ 60ðf1 þ f2Þ
P1 þ P2 ð2Þ
f2 is assumed positive if the two stator ﬁelds, main and control
winding ﬁelds, have the same direction. If the machine syn-
chronous speed is greater than the rated synchronous speed,
the direction of ﬁelds is the same as in super-synchronous sin-
gly fed operation. In this case the control frequency is positive.
However, for negative control frequency, the directions of
ﬁelds are the same as in sub-synchronous singly fed operation.
2.2. Mixed pole machine
The MPM has the same theory of operation as the tandem
connection. However, the two stator windings are housedand built in a single stator frame [18,19]. The machine rotor
is specially designed to interact with the two stator ﬁelds in a
manner similar to the tandem connection. The considered ro-
tor represents the general case for different rotor types. If
the ratio between the rotor pole arc to rotor pole pitch equals
unity, the rotor will be cylindrical, as with the nested cage type.
There are two rotor ﬁelds, one in each machine, which rotates
in opposite direction with respect to each other with different
speeds. Fig. 3 illustrates the stator and rotor ﬁeld components
for the same speeds as in the tandem connection for the 4/
2 MPM with a wound reluctance rotor. From Fig. 3, the fol-
lowing relations between the speed of different ﬁelds for
super-synchronous operation hold
nr1 ¼ ns1  nm; and nr2 ¼ ðns2  nmÞ ð3Þ
The speed relationship between the two components of the
rotor ﬁeld is given by
P1nr1 ¼ P2nr2; hence nm ¼ P1ns1 þ P2ns2
P1 þ P2 ¼
60ðf1 þ f2Þ
P1 þ P2 ð4Þ
For sub-synchronous speeds the control winding frequency
f2 is negative.
3. MMF distribution
This section deals with stator MMF and rotor MMF showing
ﬂux distribution and space harmonics for each.
3.1. Stator MMF
A rotating ﬁeld is produced when a balanced three-phase wind-
ing is fed fromabalanced three-phase supply. The ﬁeld rotates in
space as if actual magnetic poles were rotatedmechanically [24].
If the current in phase A of the main winding is
IA ¼ Im1 cosðx1tþ n1Þ ð5Þ
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Figure 3 MMFs directions in MPM (speeds are in rpm) (a) sub-synchronous operation, (b) synchronous operation, and (c) super-
synchronous speed.
22 A.S. Abdel-khalik et al.and the current in phase A of the control winding is
Ia ¼ Im2 cosðx2tþ n2Þ ð6Þ
then the MMF of the two windings can be formulated in the
stator reference frame as
F1ð/s; tÞ ¼
3
2
Ns1Im1 cosðP1/s  x1t n1Þ
¼ Fm1 cosðP1/s  x1t n1Þ
F2ð/s; tÞ ¼
3
2
Ns2Im2 cosðP2/s  x2t n2Þ
¼ Fm2 cosðP2/s  x2t n2Þ ð7Þ
where Fm1 and Fm2 are the MMF amplitudes of the windings.
The total MMF produced by the stator windings is the sum
of the two stator MMFs
F ¼ F1 þ F2 ð8Þ
Hence the total MMF can be expressed as
Fsð/s; tÞ ¼ Fm1 cosðP1/s  x1t n1Þ þ Fm2 cosðP2/s
 x2t n2Þ ð9Þ
Fig. 4a illustrates the MMFs generated by stator and rotor
windings assuming a 4/2 MPM and three rotor saliencies. The
total MMF produced by the stator is plotted when the two
windings are fed from the two three-phase supplies with the
same frequency but with different sequence (i.e. x1 =x2 = x). Fig. 4b shows four instants of time (0, p/2x, p/x
and 3p/2x) while the magnitude of the 4-pole MMF is double
that of the 2-pole MMF. The corresponding ﬁnite element pro-
duced machine ﬂux distribution is shown in Fig. 4c. The pha-
sor diagram represents the stator MMF is shown in Fig. 4d.
The rotor linkage ﬂux rotates with speed x and rotates one
cycle when the supply current completes one cycle. This case is
equivalent to zero synchronous speed, which gives x1 =
x2 = xr.
To study the mixed pole MMF effects on rotor winding, the
mixed-pole stator MMFs given by (7) are expressed in rotor
reference frame. If the rotor rotates with constant angular
mechanical speed xm, in the rotor reference frame, the stator
displacement angle /s is replaced by /s = /r + xmt+ wo
where, wo is the initial rotor position.
Substituting into (7) yields
F1ð/r; tÞ ¼ Fm1 cosðP1/r  ðx1  P1xmÞt n1 þ P1woÞ
¼ Fm1 cosðP1/r  xr1t n1 þ P1woÞ
F2ð/r; tÞ ¼ Fm2 cosðP2/r  ðx2  P2xmÞt n2 þ P2wo
¼ Fm2 cosðP2/r  xr2t n2 þ P2woÞ
ð10Þ
Eq. (10) dictates that for a single rotor frequency [11],
xr ¼ xr1 ¼ xr2
xr ¼ x1  P1xm ¼ x2 þ P2xm
ð11Þ
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Figure 4 (a) Machine MMFs, (b) stator MMF distribution, (c) ﬂux distribution using FEA, and (d) phasor diagram represents MMF.
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Figure 5 (a) Rotor MMF and its space harmonics, (b) rotor MMF at different time instants, (c) maximum Rotor MMF direction at the
same time instants, and (d) rotor MMF phasor diagram.
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Fig. 5 (continued)
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xm ¼ x1 þ x2
P1 þ P2 ð12Þ
which conﬁrms Eq. (4) based on Fig. 3.
3.2. Rotor MMF
The rotor ﬁeld consists of two ﬁeld components interact with
the two stator ﬁelds. Fig. 5a shows the total MMF generated
by the rotor and its FFT components for three saliencies when
maximum current is in phase ‘r1’. It is evident that the MMF
waveform includes three poles, 1-north and 2-south at this in-
stant. The FFT of the rotor MMF waveform conﬁrms that
there will be a fundamental component corresponding to the
2-pole ﬁeld and a second harmonic corresponding to the 4-pole
ﬁeld. Hence the MMF generated by phase ‘r1’ of the rotor
winding written in a general form asFr1ð/rÞ ¼ IarðK1 cosP1/r þ K2 cosP2/rÞ ¼ Fr11 þ Fr12 ð13Þ
where
Fr11ð/rÞ ¼ K1Iar cosP1/r
Fr12ð/rÞ ¼ K2Iar cosP2/r
ð14Þ
The rotor MMF generated by any rotor phase has two
components, namely Fr11 and Fr12, with P1 and P2 pole-pair
equivalent ﬁeld distributions respectively. The MMF generated
by other rotor phases will be shifted in the rotor frame space
by 2p/Pr. The total MMF generated by the rotor winding
can be formulated in the rotor reference frame as
Fr1ð/r; tÞ ¼ Fmr11 cosðP1/rÞ cosðxrtþ nrÞ þ Fmr12
 cosðP2/rÞ cosðxrtþ nrÞ ð15Þ
assuming that the current in phase r1 is given by
Ir1 ¼ Imr cosðxrtþ nrÞ ð16Þ
26 A.S. Abdel-khalik et al.Then
Frjð/r; tÞ ¼ Fmr11 cos P1 /r þ
2jp
Pr
  
 cos xrtþ nr þ
2jp
Pr
 
þ Fmr12 cos P2ð/r þ
2jp
Pr
Þ
 
 cos xrtþ nr þ
2jp
Pr
 
ð17Þ
where j= 0, 1, . . . , Pr1
Hence the total rotor MMF is
Frð/r; tÞ ¼
XPr1
j¼0
Frj ¼ Fr1 þ Fr2 ð18Þ
Fr1ð/r; tÞ ¼ 1=2Fmr11
XPr1
j¼0
cos P1/rxrt nrþ
2jpðP1þ 1Þ
Pr
  
þ
XPr
j¼1
cos P1/rþxrtþ nrþ
2jpðP1 1Þ
Pr
 !
Fr2ð/r; tÞ ¼ 1=2Fmr12
XPr1
j¼0
cos P2/rxrt nrþ
2jpðP2þ 1Þ
Pr
  
þ
XPr1
j¼0
cos P2/rþxrtþ nrþ
2jpðP2 1Þ
Pr
 !
ð19Þ
It should be noted that the each rotor ﬂux component con-
sists of two terms. One tends to zero depending on the corre-
sponding values of pole pairs P1 and P2. Hence;
Fr1ð/r; tÞ ¼ 1=2PrFm1 cosðP1/r  xrt nrÞ
Fr2ð/r; tÞ ¼ 1=2PrFm2 cosðP2/r þ xrtþ nrÞ
ð20Þ
This means the total rotor MMF has two components, one
with equivalent P1 pole-pairs rotates in the forward direction,
the direction of rotation for the motoring mode, and the other
with equivalent P2 pole-pairs rotates in the reverse direction.
This is the same as in the tandem connection. Fig. 5b illustrates
the rotor MMF and its two components for the 4/2 MPM at
different time instants (0, p/3xr, 2p/3xr, p/xr, 4p/3xr, 2p/
xr). Assuming that at t= 0, the phase r1 of the rotor winding1f 2f
rf
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Figure 6 Simple reprecarries the maximum current. The location and direction of the
maximum total ﬁeld, which is represented by a solid arrow, is
aligned with the d-axis of phase r1. Moreover, the location of
the maximum total ﬁeld is always perpendicular to the rotor
phase that carries maximum current at this instant. The max-
imum value of the total ﬁeld and the maximum value of each
rotor ﬁeld component are always aligned. This is analogous to
the conventional three-phase winding where the maximum
ﬁeld is always perpendicular to the phase that carries maxi-
mum current. Thus the rotor winding can be replaced with a
conventional three-phase winding which carries the same cur-
rent. The direction of the maximum rotor MMF, produced by
an equivalent conventional three-phase winding at the same
time instants, is shown in Fig. 5c. The rotor MMF phasor dia-
gram is indicated in Fig. 5d. The maximum rotor MMF actual
direction matches the normal rotating ﬁeld produced by a con-
ventional three-phase winding, which ensures the previous re-
sult. The two components of the rotor ﬁeld will produce two
torque components by induction due to the interaction be-
tween the stator and rotor ﬁelds.
4. Reluctance rotor effect
To produce an electromagnetic torque in a system with one
winding set, the self-inductance should vary with rotor posi-
tion. This torque is called the reluctance torque. However,
for multi coupled circuits, an electromagnetic torque is pro-
duced if the mutual inductances are a function of rotor posi-
tion. The reluctance rotor produces a torque component T12
caused by the interaction between the two stator ﬁelds. This
occurs if the number of saliencies equals the summation of
the pole pairs of both stator windings. In this case, the stator
winding self-inductances are constant and the mutual induc-
tance between both stator windings has a sinusoidal variation
with the rotor position, with Pr cycles for one rotor rotation.
To have a physical explanation of this effect, it is assumed that
the main winding P1 is fed from a sinusoidal supply and hence
the generated MMF in the rotor reference frame is given by1f 2f
rf
2P2-pole
 Winding2P1-pole Winding
Rotor
 Winding
m
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sentation to MPM.
Generalized theory of mixed pole machines with a general rotor conﬁguration 27(7). The inverse air gap function for the reluctance rotor can be
represented using a Fourier series as [10,21,22]
g1ð/rÞ ¼
X1
k¼0
2
go
 sin kep
kp
cos kPr/r ð21Þ
where e is deﬁned as the ratio between the pole arc to pole
pitch = 2p/Pr.
Considering the fundamental component
g1ð/rÞ ¼ g11 cosPr/r ð22Þ
where
g11 ¼
2
go
 sin ep
p
hence, the air gap ﬂux density is
Bð/rÞ ¼ l0  Fð/rÞ  g1ð/rÞ ð23Þ
substituting (7) and (22) into (23)
Bð/rÞ ¼ l0  Fm1 cosðP1/r  xr1t n1Þg11 cosðPr/rÞ ð24Þ
Hence,
Bð/rÞ ¼ Bm1 cosðP1/r  xr1t n1Þ cosðPr/rÞ
where
Bm1 ¼ l0  Fm1  g11
hence,
Bð/rÞ ¼ 1=2Bm1ðcosððP1 þ PrÞ  /r  xr1t n1Þ
þ cosððP1  PrÞ  /r  xr1t n1ÞÞ ð25Þ
If Pr = P1 + P2, (25) yields
Bð/rÞ ¼ 1=2Bm1 cosðð2P1 þ P2Þ  /r  xr1t n1Þ þ
1
2
Bm1
 cosðP2/r þ xr1tþ n1Þ ð26Þ1δ
2δ
γ
*
2I
*
1I
rλ
rI
rE
2δ−
2I
(a)
Figure 7 (a) Phasor diagram at steady state and (b) eFrom (26), if the machine number of saliencies equals the sum-
mation of the stator windings pole-pairs, then the air gap ﬂux
will contain a component equivalent to P2 pole-pair, the sec-
ond term in (26). This component rotates backward with speed
xr1/P2 which interacts with the control winding which has the
same equivalent number of pole pairs P2. This means that the
reluctance interacts with the 2P1-pole winding and produces
another ﬁeld that links to the 2P2-pole winding. Hence, the ro-
tor acts as a pole converter that transforms a stator ﬁeld of a
certain number of poles to a ﬁeld with a different number of
poles. The interaction between the current in the 2P2-pole
winding and the air gap ﬂux produces the third torque compo-
nent T12. The voltages induced in the 2P2-pole winding due to
current in the 2P1-pole winding have a reverse phase sequence
because the ﬂux component that links the 2P2-pole winding ro-
tates backward.
5. Induced voltage in the rotor winding
It will be proved that the induced voltage in the rotor circuit is
a balanced voltage with Pr-phases, thus conﬁrming the previ-
ous assumption that the rotor currents are balanced.
Eq. (10) presents the MMF produced by the stator. The
corresponding ﬂux density in the rotor reference frame is
B1ð/r; tÞ ¼ Bm1 cosðP1/r  ðx1  P1xmÞ  t n1 þ P1woÞ
¼ Bm1 cosðP1/r  xrt n1 þ P1woÞ
B2ð/r; tÞ ¼ Bm2 cosðP2/r  ðx2  P2xmÞ  t n2 þ P2woÞ
¼ Bm2 cosðP2/r þ xrt n2 þ P2woÞ ð27Þ
The ﬂux linkage to rotor phase k is found in order to calcu-
late the induced voltage in the rotor windings. Zero rotor
winding current is assumed.
krkðtÞ ¼ 2 Bm1 sinð1=2t1Þ
P1
sinðxrtþ n1 þ 1=2t1  t1kÞ

þBm1 sinð1=2t2Þ
P2
sinðxrtþ n2 þ 1=2t2  t1kÞ

ð28Þ(b)
ffect of mechanical loading on displacement angles.
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Figure 8 (a) Current distribution machine windings for the equivalent 2-pole machine and (b) d–q axes winding representation.
28 A.S. Abdel-khalik et al.erkðtÞ ¼Nr dk1ðtÞ
dt
¼2Nrxr Bm1 sinð1=2t1Þ
P1
cosðxrtþ n1

þ1=2t1 t1kÞþBm1 sinð1=2t2Þ
P2
cosðxrtþn2þ 1=2t2 t1kÞ

ð29Þ
where
t1 ¼ 2peP1
Pr
; t1k ¼ 2ðk 1ÞpP1
Pr
þ P1wo
t2 ¼ 2peP2
Pr
; and t2k ¼ 2ðk 1ÞpP2
Pr
þ P2wo
The phase voltage induced in rotor phase k consists of two
components with the same frequency xr and same phase se-
quence. Both components represent a balanced three-phase
output. The summation of the two components is also bal-
anced. The induced voltages in all phases are equals in magni-
tude but shifted in time by angle 2p/Pr.
6. Simple representation of MPM
To simplify the mathematical analysis of the machine, the
MPM can be represented by an equivalent 2-pole machine that
has normal three-phase windings attached to three different
frames as shown in Fig. 6a. The main winding is attached to
the stator frame, which is stationary. The ﬁeld generated by
the main winding rotates CCW with speed x1. The rotor wind-
ing is attached to the rotor which rotates with speed P1xm.
Hence, the ﬁeld generated by the rotor winding rotates with re-
spect to the stator surface with speed xr which is given by
xr ¼ x1  P1xm ð30ÞThe speed of the rotor ﬂux with respect to the stator frame
is x1. The interaction between this ﬁeld and the main winding
ﬁeld generates the torque component T1r. The control winding
is assumed to be attached to a ﬁctitious frame and rotates with
speed Prxm. The phase sequence of the control winding in this
simple machine is opposite to the main winding. The ﬁeld gen-
erated by the control winding rotates CW with respect to the
ﬁctitious frame if the control winding frequency is positive,
super-synchronous speed. This speed is given by
x2 ¼ x1 þ Prxm ð31Þ
The control winding ﬂux speed with respect to the ﬁxed sta-
tor frame is also x1. This means that the two stator ﬁelds are
stationary with respect to each other. The interaction between
this ﬁeld and the main winding ﬁeld generates the torque com-
ponent T12. For super-synchronous speed, the rotor ﬁeld direc-
tion with respect to the ﬁctitious frame is negative because the
ﬁctitious frame speed, Prxm, will be greater than the total rotor
ﬁeld speed, xr + P1xm. The interaction between the rotor ﬁeld
and the ﬁeld generated by the control winding produces the
third torque component T2r. The main advantage of this rep-
resentation is that the two rotor ﬁeld components can be rep-
resented by a normal three-phase winding. It is assumed that
the frequency conventions are such that the positive control
winding excitation is counter-rotational to the stator main
winding for speeds below rated synchronous speed. This yields
to the simpliﬁcation shown in Fig. 6b. In this case, the direc-
tion of x2 in this presentation opposes the real direction, i.e.
the direction of x2 is the same as x1.
This representation allows a simpler explanation to the
MPM machine and makes it similar to the conventional 3-
phase induction machine. The presentation is convenient for
machine mathematical modelling and the development of a
d–q model. This is because all phasors rotate in the same direc-
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Figure 9 Block diagram used for simulation and practical results.
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the same deﬁnition for machine slips results as in Ref. [23].
7. Relative positions of the machine ﬁelds
In this section, the relative positions of the machine ﬁeld with
respect to one another and with respect to the rotor saliency d-
axis are investigated. The position of the maximum rotor ﬁeld
is perpendicular to the phase which carries maximum current
which is similar to the conventional three-phase winding.
Hence, the ﬁeld generated by the rotor can be assumed as a ref-Figure 10erence because it can be considered aligned with the rotor d-
axis in a reference frame synchronized with the rotor ﬁeld.
To determine the relationship between this ﬁeld and the stator
ﬁelds, the following assumptions are made
I1 ¼ I1\d1 ð32Þ
I2 ¼ I2\d2 ð33Þ
kr ¼ kr\0 ð34Þ
Ir ¼ Ir\ p
2
 c ð35ÞTest rig.
Figure 11 Simulation and experimental results for doubly fed speed reversal (a) simulation results and (b) experimental results, time axis
0.2 s/div, Ch1: Speed 345 rpm/div, Ch2: Rotor line voltage 200 V/div, Ch3: i1 20 A/div, and Ch4: i2 10 A/div.
30 A.S. Abdel-khalik et al.where d1 is the angle between main winding current space pha-
sor and the rotor ﬂux space phasor, d2 is the angle betweencontrol winding current space phasor and the rotor ﬂux space
phasor, c is the rotor circuit impedance angle.
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are called the displacement angles.
The torque components are given by [6]
T12 ¼ 3M12ReðjI1  I1Þ ¼ 3M12I1I2 sinðd1  d2Þ
T1r ¼ 3M1rReðjI1  IrÞ ¼ 3M1rI1Ir cosðd1 þ cÞ
T2r ¼ 3M2rReðjI2  Ir Þ ¼ 3M1rI1Ir cosðd2 þ cÞ
ð36Þ
All simulation results, using MATLAB/SIMULINK plat-
form, consider the actual machine parameters. Machine
parameters are determined from the modiﬁed slip-ring induc-
tion machine prototype, shown in Fig. 12, as given in the
appendix. This machine is a 4/2 MPM with a reluctance wound
rotor where modiﬁed stator and rotor slip ring induction mo-
tor, which forms the MPM, picture are shown in the appendix.
The stator winding 1 (4-pole) is connected to a three-phase
208 V, 50 Hz supply. Stator winding 2 is connected to a dc
source where phase ‘a’ is connected to the positive terminal,
while phases ‘b’ and ‘c’ are connected to the negative terminal.
The current in stator winding 2 is held constant at 4A. The
rotor terminals are connected to a three-phase inductive load
of 30 X/phase, 0.707 lagging power factor at 16.67 Hz. The
machine is synchronized at a rotor speed of 1000 rpm. The rela-
tionship between the machine total developed torque, in the
stable motoring region, the load angles d1 and d2 and the torque
components, are shown in Fig. 7b. Since the machine is loaded,
the displacement angle d1 between the main winding current
space phasor and the rotor ﬂux linkage space phasor increases.
From (36), the torque component T1r decreases. However, the
displacement angle d2 between the complex conjugate of theFigure 12 Modiﬁed stator and rotor slip ring induction motor to
form MPM.control winding current space phasor and the rotor ﬂux linkage
space phasor decreases with mechanical loading. Hence, the
torque component T2r increases. The torque component T2r is
a braking torque component, a negative component. This
means that as the machine is loaded, the space phasor I1 rotates
CCW and the space phasor I2 rotates CW with respect to the
space phasor kr. The torque component T12 depends on the dif-
ference between d1 and d2, as given by (36).
The current distribution in the simple MPM representation
is shown in Fig. 8 part (a) while part (b) shows the d–q repre-
sentation for the equivalent machine. It is noted that the dot
convention of the control winding in the quadrature axis is re-
versed to simulate the winding sequence reverse. Writing the
voltage equations for this representation will give the same
relations obtained in [15].
The d–q model of MPM can be written as [6,21]
vd1 ¼ R1id1 þ pkd1  xfkq1
vq1 ¼ R1iq1 þ pkq1 þ xfkd1
vd2 ¼ R2id2 þ pkd2 þ ðxf  prxmÞkq2
vq2 ¼ R2iq2 þ pkq2  ðxf  prxmÞkd2
vdr ¼ Rridr þ pkdr  ðxf  p1xmÞkqr
vqr ¼ Rriqr þ pkqr þ ðxf  p1xmÞkdr
ð37Þ
where
kd1 ¼ L1id1 þM12id2 þM1ridr
kq1 ¼ L1iq1 M12iq2 þM1riqr
kd2 ¼ L2id2 þM12id1 þM2ridr
kq2 ¼ L2iq2 M12iq1 M2riqr
kdr ¼ Lridr þM1rid1 þM2rid2
kqr ¼ Lriqr þM1riq1 M2riq2
ð38Þ
and
Te ¼ 3=2p1ðkd1iq1  kq1id1Þ þ 3=2p2ðkd2iq2  kq2id2Þ ð39Þ
To obtain the phase currents from its corresponding d–q
values the inverse transformation is used as follows:
iA
iB
iC
0
B@
1
CA ¼
cos hf sin hf
cosðhf þ 2p3 Þ sinðhf þ 2p3 Þ
cosðhf þ 4p3 Þ sinðhf þ 4p3 Þ
0
B@
1
CA id1
iq1
 
ð40Þ
ia
ib
ic
0
B@
1
CA¼
cosðhf þ prhmÞ sinðhf þ prhmÞ
cosðhf þ prhm þ 2p3 Þ sinðhf þ prhm þ 2p3 Þ
cosðhf þ prhm þ 4p3 Þ sinðhf þ prhm þ 4p3 Þ
0
B@
1
CA id2
iq2
 
ð41Þ
ir1
ir2
ir3
0
B@
1
CA ¼
cosðhf  p1hmÞ sinðhf  p1hmÞ
cosðhf  p1hm þ 2p3 Þ sinðhf  p1hm þ 2p3 Þ
cosðhf  p1hm þ 4p3 Þ sinðhf  p1hm þ 4p3 Þ
0
B@
1
CA idr
iqr
 
ð42Þ
To verify the proposed simple presentation, a simulation
and experimental results are given for a speed reversal case
study. The block diagram represents simulation and practical
results is shown in Fig. 9 while Fig. 10 shows a picture for
the used test-rig.
Fig. 11 shows simulation and experimental for speed rever-
sal case study. The machine is synchronized to +400 rpm then
32 A.S. Abdel-khalik et al.a command is given to reverse this speed to 400 rpm. The ro-
tor frequency command is 10 Hz. The winding frequencies are
x1 = 146.6 rad/s and x2 = 21 rad/s for a speed of
+400 rpm. For a speed of 400 rpm, the winding frequencies
are x1 = 21 rad/s and x2 = 104.72 rad/s. A classical V/f
controller is used to drive the power inverters shown in
Fig. 9. For single fed operation one inverter feeds the main
winding. However, for double fed operation as the case study,
both stator windings are fed by two inverters connected to the
same dc-link as shown in Fig. 10. Fig. 11a shows the simula-
tion results for the speed transition, its effect on stator winding
currents, and the rotor voltage while part (b) in Fig. 11 shows
the practical results for the same case.8. Conclusions
This paper presents a general theory for the operation of a
MPM with a general rotor construction. The considered rotor
is a wound reluctance rotor which combines the features of
reluctance and nested cage types. It is has been shown that
three torque components are produced due to the interaction
between the machine windings, two of which are developed
by induction. The third torque component is due to the reluc-
tance effect of the rotor. An expression for rotor voltage in-
duced has been derived and it has been shown that it
produces a balanced Pr phase output. A simple representation
for the machine that facilitates the machine concept and sim-
pliﬁes machine mathematical modelling, is given. The relative
positions between machine MMFs have been studied and it
has been shown how the angles between stator currents, rotor
current, and rotor ﬂux linkage vary according to mechanical
loading. (See Fig. 12)Acknowledgement
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Rated values for the prototype machine.Rated line voltage 200 V
Rated line current 8 A
Rated input power 2000 W
Rated frequency for the windings 50 Hz
Rated speed 1000 rpm
Measured machine parameters.
Stator 4-Pole stator R1 = 1.5 X, L1 = 0.082 H
2-Pole stator R2 = 1 X, L2 = 0.067 H
Rotor Rr = 3.3 X, Lr = 0.39 H
Mutual inductance between windings
M12 = 0.046 H, M1r = 0.14 H, M2r = 0.147 HReferences
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